Mediation of reproductive functions in mammals is mainly controlled by pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). These gonadotropins are involved in follicular growth, oocyte maturation and sex steroid synthesis within the ovaries [1] . LH and FSH contain a common α and specific , and are principally controlled by hypothalamic gonadotropin-releasing hormone (GnRH). GnRH is released into the hypophyseal portal circulation in a pulsatile manner, and the pattern of this pulse, which varies physiologically during the reproductive cycle, determines the specificity of LH and FSH synthesis and secretion abstract. Trichostatin A (TSA) is a selective inhibitor of mammalian histone deacetylase. In the present study, TSA was found to selectively increase gene expression of the pituitary gonadotropin β-subunit of follicle-stimulating hormone (FSH). Stimulation of mouse pituitary gonadotroph cell lines, LβT2, with TSA for 24 h resulted in no change in mRNA expression of the α-and LHβ-subunit. On the other hand, FSHβ-subunit mRNA expression was significantly increased in a dose-dependent fashion. Similarly, specific induction of the FSHβ-subunit gene with TSA stimulation was observed in primary cultures of rat pituitary cells. Histone acetylation in whole cell lysates of LβT2 cells was significantly increased after TSA treatment, but not gonadotropin-releasing hormone (GnRH) treatment. The effect of TSA on FSHβ mRNA expression was prominent compared to that of GnRH; however, TSA-stimulated FSHβ mRNA expression was significantly reduced with combined TSA and GnRH treatment. TSA caused a slight increase in extracellular signal-regulated kinase (ERK) phosphorylation, while GnRH-increased ERK phosphorylation was potentiated in the presence of TSA. In addition, TSA, but not GnRH, significantly stimulated gene expression of retinaldehyde dehydrogenase 1 (RALDH1), a retinoic acid (RA) synthesizing enzyme involved in cell differentiation. These findings demonstrate that TSA specifically increases FSHβ subunit gene expression with a concomitant increase in whole cell histone acetylation. Moreover, although GnRH is a stimulator of FSHβ gene expression, it interfered with the stimulatory effect of TSA on FSHβ mRNA expression, without modification of TSA-increased whole cell histone acetylation. This suggests that the mechanisms of TSA and GnRH-induced gonadotropin subunit gene expression are entirely distinct.
under deep sodium pentobarbital anesthesia. Anterior pituitary glands were excised and minced before incubating in CMF-HBSS containing 10 mg/mL trypsin and 2 mg/mL collagenase (Nitta Gelatin, Osaka, Japan) for 15 min at 37 °C. Samples were then incubated in identical solution containing 0.5 µg/mL DNase I (Boehringer-Mannheim, Mannheim, Germany) for 5 min at 37 °C. After incubation in CMF-HBSS containing 5 mM ethylenediaminetetraacetic acid (Wako Pure Chemicals, Osaka, Japan) for 5 min at 37 °C, the samples were washed with CMF-HBSS. Dispersed cells were then suspended in CMF-HBSS using a pipette, passed through a 70-µm nylon mesh (Becton Dickinson Labware, Franklin Lakes, NJ) and then collected by centrifugation. The pellet was suspended in DMEM medium with 10% FCS and 1% penicillinstreptomycin. After culture for 24 h, the cells were collected and stored until use. The protocol was approved by the committee of the Experimental Animal Center for Integrated Research in Shimane University.
RNA Preparation, Reverse Transcription and RealTime Quantitative RT-PCR
Total RNA from untreated and treated LβT2 cells was extracted using the commercially available extraction method Trizol-S (GIBCO BRL Life Technologies) according to the manufacturer's instructions. To obtain cDNA, 2.0 µg of total RNA was reverse transcribed using an oligo-dT primer (Promega) then prepared using a First Strand cDNA Synthesis Kit (Invitrogen) with reverse transcription (RT) buffer. The preparation was supplemented with 0.01 M dithiotreitol (DTT) and 1 mM of dNTP, and 200 units of RNase inhibitor/ human placenta ribonuclease inhibitor (Ribonuclease Inhibitor, Code No. 2310, Takara, Tokyo, Japan) to a final volume of 25 µL. The reaction was incubated at 37 ºC for 60 min. Quantification of LHβ and FSHβ mRNA expression was obtained through realtime quantitative PCR (ABI Prism 7700 Sequence Detector; Perkin Elmer Applied Biosystems, Foster City, CA) with Brilliant SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA). The PCR primers were designed based on the published sequences of α, LHβ and FSHβ [16, 17] , while the internal reference GAPDH primer was purchased from Sigma Chemical Co. (St. Louis, MO). Real-time PCR amplification and product detection were performed using an ABI PRISM 7700 Sequence Detection System (Perkin Elmer Applied Biosystems) as recommended by the to selectively stimulate gonadotropin synthesis and release, affecting only FSH. Activin is purified from porcine ovarian fluid due to its ability to stimulate FSH synthesis and is released from cultured pituitary cells [8, 9] . The effect of this peptide was found to be specific to FSH in mammals, with no changes to LH [10] . During the purification of activin, the activin-binding protein follistatin was isolated and found to neutralize activin bioactivity [11, 12] . On the other hand, inhibins and bone morphogenetic proteins (BMPs) have been shown to selectively affect FSH synthesis and secretion by interfering with activin receptors [8, 13] . These peptides are therefore thought to be specific regulators of FSH.
In the present study, we found that Trichostatin A (TSA), a selective inhibitor of histone deacetylase, which is a known potential anti-cancer drug [14, 15] , increased gene expression of the FSHβ subunit, but not the α-and LHβ-subunits. These findings suggest that this compound, along with gonadal peptides, is a novel selective regulator of FSH biosynthesis.
Materials and Methods

Materials
The following chemicals and reagents were obtained from the indicated sources: Fetal Bovine Serum, Trypsin (GIBCO, Invitrogen, Carlsbad, CA); GnRH, Dulbecco's modified eagle medium (DMEM), penicillin-streptomycin, Trichostatin A (TSA) (Abgent, San Diego, CA); anti-acetyl histone monoclonal antibodies and suitable horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Cell culture
LβT2 cells, a mouse gonadotroph cell line, were plated in 35-mm tissue culture dishes and incubated in high-glucose DMEM containing 10% heat-inactivated FBS and 1% penicillin-streptomycin at 37 °C in a humidified atmosphere of 5% CO 2 in air. After 24 h, the culture medium was changed to high-glucose DMEM containing 1% heat-inactivated FBS and 1% penicillin-streptomycin and incubated with or without (control) test reagents for the indicated times.
Primary culture of anterior pituitary cells
Female rats were perfused with Ca
2+
-and Mg 2+ -free Hank's Balanced Salt Solution (CMF-HBSS) manufacturer (User Bulletin No. 2). The simultaneous measurement of mRNA (α, LHβ and FSHβ) and GAPDH permitted normalization of the amount of cDNA added per sample. Quantification of RALDH1 mRNA was also evaluated by real-time PCR using specific primers for RALDH1 as in a previous study [18] . Each assay included a duplicate standard curve sample, a no template control and triplicate cDNA samples from the treated LβT2 cells. For each set of primers, a no template control and a no reverse transcriptase control were included. The thermal cycling conditions were as follows: 2 min denaturation at 92 ºC followed by 40 cycles of 92 ºC for 30 s, 54 ºC for 30 s, 75 ºC for 30 s and extension at 75 ºC for 5 min. Reaction conditions were programmed on a Power Macintosh 7100 (Apple Computer, Santa Clara, CA) linked directly to the model 7700 sequence detector. The crossing threshold was determined using PRISM 7700 software. Postamplification dissociation curves were obtained to verify the presence of a single amplification product in the absence of DNA contamination.
Western blot analysis
After stimulation, LβT2 cells were rinsed with PBS then lysed on ice with RIPA buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing 0.1 mg/mL phenylmethylsulfonyl fluoride, 30 mg/mL aprotinin and 1 mM sodium orthovanadate, scraped for 20 s and centrifuged at 14,000 × g for 10 min at 4 °C. The protein concentration of the cell lysates was measured using the Bradford method of protein quantitation. Ten micrograms of denatured protein per well were separated on 10% SDS-PAGE gel according to standard protocols. The protein samples were then transferred onto polyvinylidene difluoride membranes (Hybond-P PVDF, Amersham Biosciences, Little Chalfont, UK), and blocked for 2 h at room temperature in Blotto (5% milk in TBS). To determine the levels of histone acetylation, membranes were incubated with anti-acetyl histone monoclonal antibodies (1:200 dilution) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), followed by incubation with HRP-conjugated secondary antibody. To measure ERK phosphorylation, membranes were incubated with phospho-ERK antibody (p-ERK) (1: 250 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) in Blotto overnight at 4 °C then washed 3 times for 10 min per wash with TBS/1% Tween. Subsequent incubation with monoclonal HRP-conjugated antibody was carried out for 1 h at room temperature in Blotto, and the appropriate number of additional washes performed.
Following chemiluminescence detection (Amersham Biosciences, Little Chalfont, UK), membranes were exposed onto X-ray film (Fujifilm, Tokyo, Japan). After strip washing (Restore buffer, Pierce Chemical Co., Rockford, IL), membranes were reprobed with total ERK antibody (T-ERK) (1:10000 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature, followed by incubation with HRP-conjugated secondary antibody and continuation of the procedure as described above. Films were analyzed by densitometry, with normalization of the intensity of P-ERK to that of T-ERK to correct for protein loading. The corrected results of ERK phosphorylation were expressed as fold induction over the controls.
Statistical analysis
All experiments were independently repeated at least three times, and each experiment was performed in duplicate for each experimental group. Data are expressed as mean ± SEM values. Statistical analysis was performed using one-way ANOVA, followed by Newman-Keuls multiple comparison tests.
Results
Effect of TSA on gonadotropin subunit gene expression in LβT2 cells
LβT2 cells were incubated with TSA for 24 h, and mRNA levels of LHβ-, FSHβ-and α-subunits were then measured. LHβ-subunit mRNA levels were unchanged with increasing concentrations of TSA (Fig. 1A) . In contract, however, FSHβ-subunit mRNA expression was significantly increased with TSA in a dosedependent manner (Fig. 1B) . TSA did not increase α-subunit mRNA expression at the same concentration that increased FSHβ-subunit mRNA (Fig. 1C) . As expected, TSA treatment significantly increased histone acetylation in whole cell lysates from LβT2 cells, as determined by Western blotting using a specific antibody against acetylated histone. In contrast, GnRH did not increase histone acetylation by itself, and did not modulate TSA-increased histone acetylation (Fig. 1D) . Treatment with TSA resulted in notably reduced cell growth (Fig. 1E) . It was confirmed that GnRH stimulates α-, LHβ-and FSHβ-mRNA expression (data not shown). 
Effect of GnRH on TSA-increased FSHβ mRNA expression in a primary culture of anterior pituitary cells
To confirm the specific effect of TSA on FSHβ-subunit gene expression, a primary culture of rat pituitary cells was used. Similar to the phenomenon observed in LβT2 cells, the FSHβ-subunit, but not the α-and LHβ-subunit, increased with TSA stimulation (Fig. 2) .
Effect of GnRH on TSA-increased FSHβ mRNA expression in LβT2 cells
In LβT2 cells, FSHβ mRNA expression was increased 1.78 ± 0.18-fold with 10 nM of GnRH. The increase in FSHβ subunit expression was more prominent with 5 µM of TSA (3.46 ± 0.87-fold) compared to GnRH stimulation. TSA-increased FSHβ mRNA expression was significantly inhibited by co-treatment with TSA and GnRH (Fig. 3) .
Effect of TSA and GnRH on extracellular signal-regulated kinase (ERK) phosphorylation
ERK phosphorylation induced by GnRH is known to be involved in gonadotropin subunit gene expression [5, 19] . TSA slightly but significantly increased ERK phosphorylation up to 3.87 ± 0.17-fold in LβT2 cells. GnRH, on the other hand, increased ERK phosphorylation by up to 16.39 ± 0.61-fold, and this was further enhanced in the presence of TSA (24.60 ± 0.82-fold) (Fig. 4) .
Effect of TSA on retinaldehyde dehydrogenase (RALDH) mRNA expression in LβT2 cells
Retinoic acid (RA), which is converted from retinal by retinaldehyde dehydrogenase (RALDH), is an essential signaling molecule involved in normal development and tissue differentiation in the vertebrate. We found that treating LβT2 cells with TSA significantly increased mRNA for RALDH1 in these cells. However, GnRH, failed to stimulate gene expression (Fig. 5) .
discussion
Although TSA was first isolated from metabolites of Streptomyces hygroscopicus to serve as an antifungal antibiotic [20] , it is now widely used in experimental reagents as a selective inhibitor of histone deacetylase. In this study, the possible role of TSA as a selective stimulator of gonadotropin FSHβ-subunit gene expres- Values represent the mean ± SEM of fold stimulation taken from three independent experiments. *P < 0.05 vs. non-stimulated control.
Fig. 3
Effect of GnRH on TSA-increased FSHβ mRNA expression. LβT2 cells were treated with GnRH (10 nM), TSA (5µM) or combined GnRH and TSA for 24 h. FSHβ mR-NA levels were measured by quantitative real-time PCR after mRNA extraction and reserve-transcription. Samples for each experimental group were run in duplicate and normalized to GAPDH mRNA levels as a housekeeping gene. Results are expressed as the fold stimulation over the unstimulated group/control. Values represent the mean ± SEM of the fold stimulation taken from independent experiments. ** P < 0.01 vs. control. The difference between TSA and GnRH + TSA was statistically significant (P < 0.01).
sion was revealed. Conceptually, hyperacetylation of lysines in core histones should enhance gene expression via opening of the chromatin structure and recruitment of transcription-associated proteins onto the DNA template. Thus, it is intuitive to suggest that TSA increases gene expression of the FSHβ gene. However, it was previously unclear whether this specific effect of TSA on the FSHβ subunit occurred as a result of inhibition of DNA deacetylation, when considered in association with the effects of GnRH.
Here, GnRH stimulated FSHβ gene expression in LβT2 cells; as expected since GnRH is a gonadotropin-releasing and/or gonadotropin-producing factor, but it also stimulated both LHβ-and FSHβ-subunit expression. In addition, TSA specifically stimulated only FSHβ-subunit gene expression, and moreover, the magnitude of this increase was more prominent compared to that with GnRH treatment. Interestingly, the increasing effect of TSA on FSHβ mRNA expression was significantly inhibited in the presence of GnRH. In other words, the effects of TSA were eliminated in the presence of GnRH because the increasing effects of GnRH on FSHβ mRNA expression were identical to those with TSA and GnRH. These observations suggest that GnRH has an antagonistic effect on FSHβ subunit gene expression compared to TSA.
GnRH binds to its seven-transmembrane Gq-proteincoupled GnRH receptor, stimulating an increase in inositol phosphate turnover and diacylglycerol levels, both of which ultimately lead to increased intracellular Ca 2+ concentrations and activation of protein kinase C, subsequently activating members of the MAPK family [21, 22] . GnRH also couples with Gs protein and increases cAMP accumulation [23] . Inhibition of extracellular signal-regulated kinase (ERK) with a specific inhibitor prevents both LHβ-and FSHβ-subunit expression, while overexpression of MEKK, an upstream activator of ERK, also increases gonadotropin synthesis without GnRH stimulation [17, 19] . These observations suggest that ERK pathways are strongly involved in gonadotropin subunit gene expression. However, GnRH itself did not modulate basal levels of histone acetylation in LβT2 cells and had no effect on TSAincreased histone acetylation levels. It seems that GnRH signaling is therefore not involved in modification of TSA-induced histone acetylation at the whole cell level. In addition, the inhibitory effect of GnRH on TSA-increased FSHβ-subunit expression does not 
Fig. 4
Effect of GnRH and TSA on ERK-phosphorylation. LβT2 cells were treated with GnRH (10 nM), TSA (5µM) or combined GnRH and TSA for 10 min. After cells were harvested, cell lysates (10 µg) were subjected to SDS-PAGE followed by Western blotting and incubation with antibody against phosphorylated ERK (P-ERK) and total ERK (T-ERK). Visualized bands were quantified by scanning densitometry using NIH images and results expressed as the fold increase over non-stimulated cells (control). Values represent the mean ± SEM. Experiments were repeated at least three times with duplicate samples. A representative autoradiograph is shown. ** P < 0.01 vs. control. The difference between TSA and GnRH + TSA was statistically significant (P < 0.01).
of RA production. However, this remains a speculation. Lim et al. previously reported that the gonadotropin β-subunit gene was repressed by histone deacetylase in immature gonadotrophs such as αT3-1 cells and LβT2 cells. They further found that GnRH activation of calcium/calmodulin-dependent protein kinase I plays a crucial role in the derepression of the FSHβ gene by phosphorylation of histone deacetylase [27] . These finding suggest that GnRH could also modulate the activity of histone modifying enzymes in gonadotrophs. Further investigation is therefore required to determine the mechanism of TSA action and the relationship with GnRH. Overall, because so far only limited numbers of peptides, such as activin and follistatin, have been defined as specific regulators of the FSHβ-subunit of gonadotropins, the present findings suggest that TSA might also specifically regulate the FSHβ-subunit. 
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RALDH enzymes catalyze the oxidation of retinal to RA [24] . RA is a lipid-soluble hormone that acts as an essential signaling molecule for normal embryonic development and tissue differentiation, and is also one of the regulatory molecules affecting pituitary cell function. A previous study demonstrated that RALDH mRNA is expressed in the rat embryonic pituitary gland and that expression levels are altered at each developmental stage [18] . Because RA-responsive elements exists in pituitary-specific genes such as Pit-1 [25] and growth hormone genes [26] , it is possible that RA and/or RALDHs play roles to induce differentiation of pituitary cells. In the present study, we focused on the expression of RALDH1 mRNA in LβT2 cells. As expected, TSA treatment significantly increased RALDH1 mRNA expression, but not that by GnRH. These observations suggest that epigenetic modification by TSA stimulated RA synthesis through increased synthesis of RALDH. If FSH production within gonadotrophs occurs in more developed or differentiated cells, it is therefore plausible that TSA-induced specific induction of FSHβ-subunits might be the result
